Quantities and Units
Quantities, when used for the quantitative description of physical phenomena or objects, are generally called physical quantities. A unit is a selected reference sample of a quantity with which other quantities of the same kind are compared. Every quantity may be expressed as the product of a numerical value and a unit. As a quantity remains unchanged when the unit in which it is expressed changes, its numerical value is modified accordingly.
Quantities can be multiplied or divided by one another resulting in other quantities. Thus, all quantities can be derived from a set of base quantities. The resulting quantities are called derived quantities.
A system of units is obtained in the same way by first defining units for the base quantities, the base units, and then forming derived units. A system is said to be coherent if no numerical factors other than the number 1 occur in the expressions of derived units.
The ICRU recommends the use of the International System of Units (SI) (BIPM, 1998). In this system, the base units are metre, kilogram, second, ampere, kelvin, mole, and candela, for the base quantities length, mass, time, electric current, thermodynamic temperature, amount of substance, and luminous intensity, respectively.
Some derived SI units are given special names, such as coulomb for ampere second. Other derived units are given special names only when they are used with certain derived quantities. Special names currently in use in this restricted category are becquerel (equal to reciprocal second for activity of a radionuclide) and gray (equal to joule per kilogram for absorbed dose, kerma, cema and specific energy). Some examples of SI units are given in Table 1 .1.
There are also a few units outside of the international system that may be used with S1. For some of these, their values in terms of SI units are obtained experimentally. Two of these are used in current ICRU documents-electron volt (symbol eV) and (unified) atomic mass unit (symbol u). Others, such as day, hour and minute, are not coherent with the system but, because of long usage, are permitted to be used with SI (see Table 1 .2).
Decimal multiples and submultiples of SI units can be formed using the SI prefixes (see Table 1 .3). 
Ionizing Radiation
Ionization produced by particles is the process by which one or more electrons are liberated in collisions of the particles with atoms or molecules. This may be distinguished from excitation, which is a transfer of electrons to higher energy levels in atoms or molecules and generally requires less energy. When charged particles have slowed down sufficiently, ionization becomes less likely or impossible and the particles increasingly dissipate their remain- Units whose values in energy electron volta eV SI are obtained mass (unified) atomic mass u experimentally unit a a 1 eV = 1.60217733(49) . 10-19 J. 1 u = 1.6605402(10) . 10-27 kg. The digits in parentheses are the one-standard-deviation uncertainty in the last digits of the given value (CODATA, 1986). a The prefix symbol attached to the unit symbol constitutes a new symbol, e.g., 1 fm 2 = (10-15 m)2 = 10-30 m 2 • ing energy in other processes such as excitation or elastic scattering. Thus, near the end of their range, charged particles that were ionizing become nonionizing.
The term ionizing radiation refers to charged particles (e.g., electrons or protons) and uncharged particles (e.g., photons or neutrons) that can produce ionizations in a medium. In the condensed phase, the difference between ionization and excitation can become blurred. A pragmatic approach for dealing with this ambiguity is to adopt a threshold for the energy that can be transferred to the medium at the locations called energy transfer points (see Section 4.2.1). This implies cut-off energies below which charged particles are not considered to be ionizing. Below such energies, their ranges are minute. Hence, the choice of the cut-off energies does not materially affect the spatial distribution of energy deposition except at the smallest distances that may be of concern in microdosimetry. The choice of the threshold value depends on the application; for example, a value of 10 e V may be appropriate for radiobiology.
Stochastic and Non-Stochastic Quantities
Differences between results from repeated observations are common in physics. These can arise from imperfect measurement systems, or from the fact that many physical phenomena are subject to inherent fluctuations. Thus, one distinguishes between a non-stochastic quantity with its unique value and a stochastic quantity, the values of which follow a probability distribution. In many instances, this distinction is not significant because the probability distribution is very narrow. For example, the measurement of an electric current commonly involves so many electrons that fluctuations contribute negligibly to inaccuracy in the measurement. Although similar considerations often apply to radiation, fluctuations can playa significant role, and may need to be considered explicitly.
Certain stochastic processes follow a Poisson distribution, a distribution uniquely determined by its mean value. A typical example of such a process is radioactive decay. However, more complex distributions are involved in energy deposition. In this report, because of their relevance, four stochastic quantities are defined explicitly, namely energy deposit, Ei (see Section 4.2.1), energy imparted, E (see Section 4.2.2), lineal energy, y (see Section 4.2.3), and specific energy, z (see Section 4.2.4).
For example, the specific energy, z, is defined as the quotient ofthe energy imparted, E, and the mass, m. Repeated measurements would provide an estimate of the probability distribution of z and of its first moment, Z, which approaches the absorbed dose, D, (see Section 4.2.5) as the mass becomes small.
Knowledge of the distribution of z may not be required for the determination ofthe absorbed dose, D. However, knowledge of the distribution of z corresponding to a known D can be important because in the irradiated mass element, m, the effects of radiation are more closely related to z than to D, and the values of z can differ greatly from D for small values ofm (e.g., biological cells).
Mathematical Conventions
To permit characterization of a radiation field and its interactions with matter, many of the quantities defined in this report are considered as functions of other quantities. For simplicity in presentation, the arguments on which a quantity depends often will not be stated explicitly. In some instances, the distribution of a quantity with respect to another quantity can be defined. The distribution function of a discrete quantity, such as the particle number N, (see Section 2.1.1) will be treated as ifit were continuous, since N is usually a very large number. Distributions with respect to energy are frequently required. For example, the distribution of fluence (see Section 2.1.3) with respect to particle energy is given by (see Eq.
where d<P is the fluence of particles of energy between E and E + dE. Such distributions with respect to energy are denoted in this report by adding the subscript E to the symbol of the distributed quantity. This results in a change of physical dimensions; thus, the unit of <P is m-2 , whereas the unit of <PE is m-2 J-l (see Tables 2.1 
and 2.2).
Quantities related to interactions, such as the mass attenuation coefficient, p.ip, (see Section 3.2) or the mass stopping power, SIp, (see Section 3.4), are functions of the particle energy and one may, if necessary, use a more explicit notation such as p.,(E)/p or S(E)/p. For a radiation field with an energy spectrum, mean values such as f.iJ p and SIp, weighted according to the distribution of the relevant quantity, are often useful. For example, /Ilp = jI [p.,(E) Stochastic quantities are associated with probability distributions. Two types of such distributions are considered in this report, namely the distribution function (symbol F) and the probability density (symbol f). For example, F(y) is the probability that the lineal energy is equal to or less than y. The probability density f (y) is the derivative of F(y), and fey) is the probability that the lineal energy is between y and y + dy.
